Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the brain, and plays a key role in brain development. However, the in vivo levels of brain GABA in early life are unknown. Using edited MRS, in vivo GABA can be detected as GABA+ signal with contamination of macromolecule signals. GABA+ is evaluated as the peak ratio of GABA+/reference compound, for which creatine (Cr) or water is typically used. However, the concentrations and T 1 and T 2 relaxation times of these references change during development. Thus, the peak ratio comparison between neonates and children may be inaccurate. The aim of this study was to measure in vivo neonatal brain GABA+ levels, and to investigate the dependency of GABA levels on brain region and age. The basal ganglia and cerebellum of 38 neonates and 12 children were measured using GABA-edited MRS. Two different approaches were used to obtain GABA+ levels: (i) multiplying the GABA/water ratio by the water concentration; and (ii) multiplying the GABA+/Cr by the Cr concentration. Neonates exhibited significantly lower GABA+ levels compared with children in both regions, regardless of the approach employed, consistent with previous ex vivo data. A similar finding of lower GABA+/water and GABA+/Cr in neonates compared with children was observed, except for GABA+/Cr in the cerebellum. This contrasting finding resulted from significantly lower Cr concentrations in the neonate cerebellum, which were approximately 52% of those of children. In conclusion, care should be taken to consider Cr concentrations when comparing GABA+/Cr levels between different-aged subjects.
GABA during brain development have not been reported. In vivo GABA signals can be detected using edited MRS. This signal is termed GABA+, as the GABA 3 ppm signal that appears in edited MRS spectra can contain macromolecule (MM) signals. [3] [4] [5] [6] GABA+ signals can also be evaluated by the peak area ratio of GABA+ to a reference compound such as Cr, N-acetylaspartate, or water. 7 However, the concentrations and longitudinal-and transverse-relaxation times (T 1 and T 2 ) of these reference compounds change during development. 8, 9 Thus, use of these methods for assessment of neonatal GABA levels may be inaccurate.
The aim of the present study was to obtain in vivo data on neonatal brain GABA levels in the basal ganglia (BG) and cerebellum, and to investigate the dependency of GABA levels on brain region and age.
We provide a method for obtaining neonatal brain GABA levels using a clinical 3 T MR scanner, Gannet (a batch-analysis tool for GABAedited MRS data 10 ), and in-house software.
2 | METHODS
| Human subjects
This study was approved by the institutional ethical review board of with selective inversion pulses applied at 1.9 ppm (On) and at 7.5 ppm (Off). The volumes of interest (VOIs) of the BG were 3.7-7.6 and 12.8-19.2 mL in neonates and children, respectively, and those of the cerebellum were 3.7-9.4 and 12.4-37.4 mL, respectively ( Figure 1 ).
| T 1 and T 2 values for metabolites and water
The T 1 and T 2 values of each metabolite or water were as follows:
neonates, GABA, Cr, choline (Cho), and water =1490, 1660, 1180, 2220 ms, respectively; T 1 children, GABA, Cr, Cho, and water =1310, 1460, 1300, and 1760 ms, respectively; T 2 neonates, GABA, MM, Cr, Cho, and water =150, 40, 199, 384, and 130 ms, respectively; T 2 children, GABA, MM, Cr, Cho, and water =88, 40, 116, 248, and 70 ms, respectively. [13] [14] [15] [16] All values for children were taken from those of adults, as the metabolite concentrations are largely unchanged from 5 years of age. 17, 18 As we could not find metabolite T 1 and T 2 at 3 T in neonates, the values of Cr and Cho were taken from a 2.4 T reference, 13 while GABA values were obtained by multiplying adult GABA values by the Cr relaxation time ratios of neonates to adults. 14 
| GABA+ signal quantification
Using the Gannet software 10 running in MATLAB (MathWorks, Natick, MA, USA), the time domain data (On and Off) were processed into edited spectra. The process included multiplying the exponential line of 3 Hz as a window function, zero-filling to 32 k data points, fast
Fourier transform, phase and baseline correction, and subtraction of
Off from On spectra to make the edited spectrum. Using in-house software running in MATLAB, the peak areas of GABA+ of edited spectra, Cr of Off spectra, and unsuppressed water from the spectra by PRESS were measured. For the Cr 3.0 ppm peak fitting, the Cho 3.2 ppm peak was also fitted. GABA+ was considered to consist of bimodal GABA and MM peaks. In the least square method, the best fitting of Lorentzian line shapes to the peaks was investigated. The full width at half maximum (FWHM) of the Lorentzian peak was defined as
where 1 πT2 is the natural line width of a peak that has T 2 , LB is line broadening due to magnetic field inhomogeneity, and 3 Hz is the exponential window function value. A first-order slope and baseline offset were also considered for the calculation (Figure 2 ). We assumed that the field inhomogeneity was constant during one MRS data scan. Thus, the same LB value was applied for GABA, MM, Cr, and Cho. The LB value was determined during the Cr and Cho peak fitting by changing it, and the final value was used for GABA and MM peak fitting as a fixed value. Only MRS data with an LB of 10 Hz or less were included in this study.
Two different approaches were used to obtain GABA+. In the first approach, the water signal was used as a reference, and GABA+/water was multiplied by the water concentration (Wat-ref):
where Reg is a region (neonatal BG, neonatal cerebellum, child BG, or child cerebellum), N is the data number of the region, the first and second exponential equations are the correction factors for the peaks decreased by T 1 and T 2 , respectively, and the water concentrations were published values of 48.9 and 44.4 M for neonates and children, respectively. 19 The second approach used the Cr signal as a reference by dividing by the GABA+ value in the neonatal BG region.
| Statistical analysis
All statistical analyses were performed using statistical software (SPSS; IBM, Chicago, IL, USA). The Mann-Whitney U test was used for comparisons of GABA+ levels between the different ages and regions, and for Cr concentrations between the different ages. A p value less than 0.05 was considered statistically significant.
| RESULTS
In the present study, 47 MR spectra (36 BG, 11 cerebellum) from a total of 38 neonates were used. One data set that met the inclusion criteria but showed an incorrect GABA+/Cr value of 1.17 was excluded. The GABA+/water ratios of the neonates were significantly lower than those of the children in both the BG and cerebellum (p < 0.001 for both, Figure 3A) . The GABA+/Cr ratios were significantly lower in the neonates than the children in the BG (p = 0.001), but were higher in the cerebellum of neonates compared with children (p = 0.006) ( Figure 3B ). For Cr concentrations, there were significant age group differences between neonates and children in both the BG and cerebellum (p < 0.001 for both). In particular, the Cr concentration in the cerebellum in children was approximately twice that in neonates (6.3 versus 12.1 mM, respectively, Table 1 ).
The normalized GABA+ levels were significantly lower in neonates than in children in both regions, regardless of the approach employed (Wat-ref, p < 0.001 and p = 0.001 for BG and cerebellum, respectively, Figure 3C ; Cr-ref, p < 0.001 and p = 0.001, respectively, Figure 3D ). In intragroup comparisons, there were no differences in GABA+ levels between the BG and cerebellum, except for neonates using Wat-ref
| Discussion
A key finding of the present study was that neonates displayed significantly lower in vivo brain GABA+ levels than children in both the BG and cerebellum. Previous ex vivo studies of postmortem brains and cerebrospinal fluid also reported significant increases in GABA concentrations with age. 20, 21 Therefore, it is likely that in vivo GABA concentrations in the BG and cerebellum are lower in neonates compared with children, and that they increase with development.
The higher GABA+/Cr ratio in the neonatal cerebellum compared with that in children was likely due to the 52% lower Cr concentrations in neonates compared with children. Therefore, care should be taken The contribution of MM to the age-related change in GABA+ signal between the neonates and children is unclear. However, two studies of teenage to adult subjects found no significant correlations between MM peak contribution and age, 22, 23 while our data suggest that the MM contribution would need to increase by 20-50% from neonates to children to produce similar GABA concentrations. Thus, we believe that our data reflect a real increase in GABA in the brain from neonates to children.
In both approaches used to measure GABA+, chemical shift displacements of the water peaks occurred owing to the slice selection gradients, 24 i.e., the water peak displacement against GABA+ in Therefore, the displacement error in our study was likely to be small.
In the present study, the neonatal subjects were carefully selected clinically and radiologically, and have since been followed up by medical doctors at our center. As of September 2016, the subjects reached corrected ages of 10 months to 3 years. If a subject showed evidence of genetic abnormalities or a reduced developmental quotient during follow-up examinations, then their GABA data were excluded.
Generally, the decrease in MRS signals for metabolites and water due to longitudinal and transverse relaxations are considered, except for the situation with very short T E and long T R . In the present study, the signal intensities were corrected using published T 1 and T 2 values.
As these published values may be not exactly the same as for our subjects, the corrected values may have introduced errors. Nevertheless, without correction of T 1 and T 2 in Equations 2 and 3, the differences of GABA+ levels between neonates and children were approximately 8% smaller than with corrected values, and significant differences were still observed in both regions (p ≤ 0.022). Therefore, our data reliably indicate that GABA+ levels were lower in neonates.
| CONCLUSIONS
We assessed in vivo neonatal brain GABA+ levels using edited MRS. In both the BG and cerebellum, the GABA+ levels of neonates were significantly lower than those of children, consistent with previous ex vivo data. When comparing GABA+/Cr levels between different age groups, care should be taken regarding Cr concentrations of the subjects. Furthermore, the chemical shift displacements of water should be considered in the evaluation of the GABA+/water and Cr/ water values. Future studies of age-related MM contribution rates and the relaxation times of metabolites/water are required to improve the accuracy of measurement of GABA+ levels. Data are shown in mM (mean ± standard deviation).
FIGURE 3
Box and whisker plots of in vivo brain GABA+ levels in the BG and cerebellum. A, B, The peak area ratios of GABA+ to water A, and GABA+ to Cr B. C, D, The GABA+ levels normalized by water C, and Cr D. *p < 0.01, **p < 0.001
